In the paper, we elaborate our recent work on both monolithic (epitaxial growth) and heterogeneous (BCB bonding) integration techniques that enable integration of various IIIV lasers on silicon.
Introduction
By leveraging the 200mm or 300mm CMOS fabrication infrastructure, silicon photonics promises the manufacturing of compact and high-density photonic integrated circuits with capability of mass production and hence low cost [1] . In addition, silicon photonics also provides the possibility of co-integration of photonic and electronic circuits that may transform computing system architectures and enable more powerful computers [2] . While high speed photodetectors and optical modulators based on pure silicon or germanium have been demonstrated [3] , it is still very challenging to realize silicon on-chip amplifiers and lasers, which limits the further evolution of the silicon photonics industry. We explore two integration schemes, i.e. selective epitaxial growth of InP on silicon (monolithic integration) and BCB bonding of III-V on silicon (heterogeneous integration), which enable high-density integration of various IIIV lasers on silicon in a scalable way.
Monolithic integration of IIIV laser array on silicon
Being widely accepted as a competitive candidate to solve the off-chip and on-chip communication bottleneck of the next generation ASICs, the future silicon photonic integrated circuit requires the integration of a large number of lasers/amplifiers on silicon. To meet such requirements, one could fully benefit from the economies of scale by selective growth of high quality IIIV lasers directly on silicon. The hurdles are well-known: the large lattice mismatch (εInP/Si = 8.06%), the difference in thermal expansion coefficient and the different polarity of the materials, resulting in large densities of anti-phase boundaries. Recently, as the electronics industry heavily invests on the exploration of high mobility compound semiconductors for the next generation CMOS nodes, there is a renewed interest in growing low-defect-density IIIV materials directly on silicon. By leveraging such efforts for photonic integration, well-optimized epitaxial technology has been demonstrated, which can confine the defect layer within 20 nm at the interface of InP and silicon. Based on this buffer-less growth technique, we have successfully demonstrated an array of InP DFB lasers directly grown on silicon (see the schematics in Fig. 1 ) [4] . Thanks to the highly uniform material quality and the use of a well-established in-plane laser configuration that requires standard top-down integration, high yield and highly uniform laser operation have been achieved (see Fig. 1 ). In this paper we will report the recent progress of this work: IIIV hetero-structures have been grown on silicon, leading to lasing in the communication wavelength range. 
Heterogeneous integration of mode-locked lasers on silicon
Being well-explored over the last decade, several bonding techniques have been utilized to demonstrate various IIIV optoelectronic devices on silicon [5] . The use of adhesive bonding agents, e.g. benzocyclobutene (BCB), relaxes the stringent requirements on the bonding surface preparations, and high yield IIIV die bonding on silicon can be achieved. Although the bonding technique can only deliver relatively low integration density, as a near-/mid-term solution, it suits well the primary target of silicon photonics, i.e. optical transceivers for data center communication, with the possibility of scaling from the first commercially available 4x28G transceivers to 400G or 1.6T transceivers by integrating arrays of III-V lasers on silicon in a cost-effective way. We have demonstrated various IIIV lasers on silicon, such as high speed directly modulated DFB lasers [6] , tunable extended cavity lasers [7] , multi-wavelength lasers [8] etc. Recently, we have successfully demonstrated IIIV-on-Si mode-locked lasers with unique characteristics. Thanks to the extremely low loss of the silicon waveguide, forming a very long on-chip laser cavity (37 mm), we are able to realize the lowest repetition rate of 1 GHz for integrated mode-locked lasers (see Fig. 2 ).
Considering that the output optical spectrum of the laser is over 10 nm wide, the demonstrated mode-locked laser functions as an ultra-compact on-chip optical frequency comb generator that outputs over 1200 phase locked optical lines. This device could find application in many fields such as microwave photonic signal processing, dual comb spectroscopy, etc. 
Conclusions
In summary, while the monolithic integration technique provides the ultimate solution for high density integration of IIIV lasers on silicon for on-chip optical interconnects, the BCB bonding based heterogeneous integration platform can enable advanced IIIV laser configurations on silicon that potentially benefit various application fields, such as microwave photonics, spectroscopy, etc.
